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If electroweak symmetry breaking is driven by a new strongly-coupled dynamical sector, one ex-
pects their bound states to appear at the TeV scale or slightly below. However, electroweak precision
data imposes severe constraints on most of the existing models, putting them under strain. Conven-
tional models require the new composite states to come in pairs of rather heavy, close to degenerate
spin-1 resonances. In this paper I argue that spin-1 states can actually be lighter without clashing
with experimental bounds. As an example, I consider a composite model with a light pseudovector
resonance that couples to the Standard Model gauge boson, fermion and scalar fields. I show how
such a resonance leaves basically no imprint on the NLO corrections to the Standard Model. This
happens not through parameter tuning, but rather as a consequence of generic properties of realistic
UV completions. This pseudovector is mostly unconstrained by existing data and could be as light
as 600 GeV. In the last part of the paper I briefly discuss its most characteristic signatures for direct
detection at colliders.
I. INTRODUCTION
The recent discovery of a scalar sector in the Stan-
dard Model has profound implications for particle
physics, yet it does not settle the issue of what dynam-
ics is behind electroweak symmetry breaking and how
the hierarchy problem is resolved. In that respect, the
discovery of new particles in the sub-TeV region, either
from weakly-coupled or strongly-coupled dynamical ex-
tensions, should provide valuable hints.
The absence (so far) of new physics states, together
with the Higgs-like character of the 126 GeV scalar,
indicates that deviations from the Standard Model
paradigm have to be small. This, together with flavor
constraints, puts under strain, if it does not already
exclude, most of the natural realizations of Supersym-
metry and composite models.
In this paper I will concentrate on scenarios of
strongly-coupled dynamics at the TeV scale. Compos-
ite models were initially introduced as higgsless alter-
natives to the Standard Model, borrowing heavily from
patterns and characteristics of QCD. While those mod-
els are nowadays ruled out, they have been superseded
by more elaborate strongly-coupled scenarios that ac-
comodate a light scalar through the vacuum misalign-
ment mechanism discussed in [1, 2]. In those dynamical
scenarios the Higgs-like particle is a pseudo-Goldstone
mode of some broken global symmetry which devel-
ops a potential through quantum corrections, thereby
avoiding the hierarchy problem. One of the virtues of
the vacuum misalignment is that it is flexible enough
to smoothly interpolate between non-decoupling and
decoupling new-physics scenarios. Recently, such ideas
have been formulated in an effective field theory lan-
guage [3–9], which allows for a systematic scrutiny of
deviations from the Standard Model paradigm.
While an effective field theory is a general descrip-
tion of the physics at low energies, specific mod-
els are needed to identify potential signatures and
guide searches at colliders. However, without impos-
ing rather ad hoc conditions, the presently allowed
size of new physics effects seems hard to accommodate
within models of light (sub-TeV) states. For instance,
constraints on oblique parameters typically push the
mass-range of vector and axial resonances at a few
TeV [10, 11], or else one is lead to a certain degree of
fine-tuning by requiring unnaturally sizable one-loop
corrections [12, 13].
In this paper I will assume that no large one-loop ef-
fects are present, which otherwise would jeopardize the
effective field theory expansion, and therefore accept
that composite models seem to prefer rather heavy vec-
tor and axial states. The question I will then address
is whether other lighter spin-1 states can be present.
Such states should leave a rather subtle phenomeno-
logical imprint in order not to upset electroweak pre-
cision measurements but might leave at the same time
rather clean signals for direct detection. In the fol-
lowing I will work with a minimal dynamical set-
ting, assuming that the new dynamics is invariant un-
der SU(2)L × SU(2)R broken down to the custodial
SU(2)V . This coset structure guarantees that the num-
ber of pseudo-Goldstone bosons does not exceed the
experimentally-observed ones. In order to be fully gen-
eral, a light Higgs-light scalar will be introduced as a
singlet. I will further assume that this new dynamics is
parity-preserving and generates its lightest resonance
state roughly around 700−900 GeV. This state will be
described by an antisymmetric rank-two tensor field
Bµν with the quantum numbers of a pseudovector.
This new dynamics will be assumed to be dual to
a more fundamental theory of constituents, which sets
in at sufficiently high energies. I will show that consis-
tency with this dual picture implies that a pseudovec-
tor would leave no trace on effective operators with
gauge bosons. At energies much lower than its mass,
its effects would only be noticeable as anomalous top
quark vertices. Its impact on low-energy effective op-
2erators is thus rather elusive, but still it provides dis-
tinct signatures for direct detection at colliders, mainly
through gluon-fusion (gg → B →W+W−) and associ-
ated production (pp→ BZ).
This paper is organized as follows: in Section II, I
discuss some technical aspects of rank-two antisymmet-
ric tensors, such as its decomposition in longitudinal
and transverse modes and their connection through a
duality transformation. In Section III the model for
composite pseudovectors is introduced. Its indirect
traces at low energies are examined in Section IV while
comments on the most promising signatures for direct
detection are addressed in Section V. Concluding re-
marks are given in Section VI.
II. KALB-RAMOND FIELDS AND MASSIVE
SPIN-1 STATES
It is well-known that massive spin-1 states can be
described by one-form Proca fields as well as two-form
fields. The Proca description successfully accounts for
the Standard Model fundamental gauge spin-1 fields
(W±, Z), whose masses are generated after gauge sym-
metry is spontaneously broken via the Higgs mecha-
nism. In contrast, the two-form representation seems
to be better suited for composite spin-1 states.
In QCD, for instance, the coefficients of the NLO
low-energy expansion (the Gasser-Leutwyler coeffi-
cients) are expected to be O(f2/Λ2), with f the
pion decay constant and Λ the scale of hadronic
physics. This is the natural size one would expect
from integrated-out hadronic degrees of freedom lying
at m ∼ O(Λ) and agrees rather well with experimental
data. A two-form representation of axial and vector
mesons naturally accounts for this pattern of vector
meson exchange [14] besides reproducing other key as-
pects of low-energy chiral dynamics [15, 16]. If mesons
are represented by Proca fields, however, the contribu-
tion to the NLO coefficients from tree level resonance
exchange vanishes altogether.
Following the example of QCD, I will henceforth use
the tensorial representation. In this Section I will lay
out some formal aspects of massive rank-two antisym-
metric tensors that will be useful for the Sections to
come. I will pay special attention to the interplay of
the longitudinal and transverse components of the two
forms and a duality transformation connecting them.
Let us start by examining the kinetic term. The most
general quadratic form for a second rank antisymmetric
tensor with well-defined parity is given by
LH = a
2
∂σHµν∂
σHµν + b ∂µHµν∂λH
λν +
c
2
HµνH
µν
(1)
Generically, the structure of the previous Lagrangian
does not furnish a representation of the Lorentz group.
The generic propagator contains two potential poles:
∆µν;λρ =
PTµν;λρ
aq2 + c
+
PLµν;λρ
(a+ b)q2 + c
(2)
where
Pµν;λρL = g
µλ q
νqρ
2q2
− gµρ q
νqλ
2q2
− gνλ q
µqρ
2q2
+ gνρ
qµqλ
2q2
Pµν;λρT = −ǫµναβǫλρησgαη
qβqσ
2q2
(3)
are the transverse and longitudinal projectors for rank-
two tensors. As such, Pµν;λρT + P
µν;λρ
L = I
µν;λρ, with
Iµν;λρ = 12 (g
µλgνρ − gµρgνλ), as can be easily checked
from (3).
The longitudinal mode is isolated by picking a = 0,
b = − 12 and c =
m2
L
2 , and leads to
∆Lµν;λρ =
2
q2 −m2L
[
q2 −m2L
m2L
Iµν;λρ − q
2
m2L
PLµν;λρ
]
(4)
which corresponds to the Lagrangian
LL = tr
[
−∂µVµν∂ρVρν + m
2
V
2
VµνVµν
]
(5)
where the trace is over the internal symmetry group.
The longitudinal field Vµν is the one currently used to
represent spin-1 mesons in QCD [14, 15].
The transverse mode corresponds instead to the pa-
rameter choice a = −b = 12 and c = −
m2
T
2 , giving
∆Tµν;λρ = −
2
q2 −m2T
[
q2 −m2T
m2T
Iµν;λρ − q
2
m2T
PTµν;λρ
]
=
2
q2 −m2T
[
Iµν;λρ − q
2
m2T
PLµν;λρ
]
(6)
which results from the Lagrangian
LT = tr
[
1
2
∂λBµν∂λBµν − ∂µBµν∂ρBρν − m
2
B
2
BµνBµν
]
(7)
The transverse mode is the natural extension of the
gauge two-form field when a mass term is added. A
gauged two form is defined by the free action
L = 1
6
tr [HµνρH
µνρ] (8)
where Hµνλ ≡ ∂µHνλ + ∂νHλµ + ∂λHµν is the curva-
ture tensor and the metric signature is chosen mostly
negative. The previous Lagrangian is invariant under
the gauge symmetry δHµν = ∂µΛν−∂νΛµ, which even-
tually leaves only one independent degree of freedom.
It therefore describes a massless spin-0 mode, as can be
seen by direct investigation of its helicity structure [17]
or through duality [18].
3In the context of string theory, the field Hµν (both
massless and massive) was found to be the natu-
ral dynamical object mediating interstring interac-
tions [18, 19] and is commonly referred to as the Kalb-
Ramond field Bµν . There, the gauged two form gets
its mass through mixing with a gauge one-form field,
absorbs its two degrees of freedom and eventually de-
scribes a massive spin-1 mode. The opposite also holds
true, namely a gauge field can be made massive by ab-
sorbing the scalar degree of freedom hidden inside the
gauged two form [20].
Eq. (7) can be easily cast as
LT = tr
[
1
6
BµνλBµνλ − m
2
B
2
BµνBµν
]
(9)
which shows that Bµν is a massive Kalb-Ramond field.
Therefore, in full generality, a second rank antisym-
metric tensor Hµν has 6 degrees of freedom, which can
be decomposed as two massive spin-1 fields, the trans-
verse (Kalb-Ramond) Bµν and the longitudinal Vµν .
A. Duality transformation
The existence of two tensorial representations for
massive spin-1 fields can also be understood by the
fact that there are two independent tensor structures
for 1-particle creation matrix elements, namely
〈0|VXµν |X〉 ∝
i
mX
(pµǫν − pνǫµ) (10)
and
〈0|BXµν |X〉 ∝
i
mX
εµνλρǫ
λpρ (11)
which are the normalizations leading to the propaga-
tors discussed above. The previous equations suggest
that there is a duality transformation between longitu-
dinal and transverse fields given by
Vµν → 1
2
εµνλρBλρ (12)
To be more precise, one can show that a theory gener-
ically given by
L = tr
[
−∂µVµν∂ρVρν + m
2
2
VµνVµν + VµνJµνV
]
(13)
where the interactions are built to describe a particle
species X , is dual to another theory
L = tr
[
1
6
BµνλBµνλ − m
2
2
BµνBµν + BµνJµνB
]
(14)
which describes the same particles X provided that
JµνB =
1
2ε
µνλρJVλρ. As a corollary, in the absence
of masses, the original gauge transformation of Bµν ,
δBµν = ∂µΛν − ∂νΛµ is cast in terms of Vµν as
δVµν = ǫµνλρ∂λΛρ.
The duality above means that every spin-1 particle
can be equivalently expressed in terms of either a longi-
tudinal or a transverse two-form field. In theories with
parity conservation, particles with the same charge
conjugation but opposite parity can be described with
Vµν and Bµν fields, respectively, while leaving the form
of the interaction terms untouched. Thus, if an in-
teracting theory for a regular 1−− vector is described
by a longitudinal field Vµν , the corresponding theory
for a pseudovector 1+− can be constructed simply by
replacing Vµν → Bµν in the interaction terms. This
observation will be used in the following Section.
III. A MODEL FOR COMPOSITE
PSEUDOVECTORS
If new strongly-coupled dynamics trigger elec-
troweak symmetry breaking, a mass gap will typi-
cally be generated between their associated Goldstone
bosons (at the electroweak scale v) and bound states
(typically at the TeV scale, Λ ∼ 4πv or slightly be-
low). In order to work with a minimal model, the fol-
lowing extra assumptions will be made: (i) the new
strong sector is parity-conserving and invariant under
SU(2)L × SU(2)R, spontaneously broken down to the
diagonal subgroup SU(2)V . This is the minimal coset
structure required to give gauge bosons a mass; (ii) the
Higgs-like scalar originates from spontaneous breaking
of an extended space-time or internal global symmetry,
which occurs at a higher energy scale. I will not model
such breaking and instead I will generically introduce
the Higgs as a singlet under the Standard Model gauge
group; (iii) the first state in the resonance spectrum is a
light JPC = 1+− pseudovector mode in the mass-range
600− 1000 GeV. Vector 1−− and axial 1++ excitations
are above the TeV, as suggested by electroweak preci-
sion constraints.
Pseudovector states are not as exotic as it might
seem at first. In QCD their lowest-lying candidate
is the b1(1235) meson, which is slightly lighter than
the first axial excitation, a1(1260). Their properties
and phenomenology have been explored in a number
of papers, from dispersive analysis involving spectral
sum rules [21–23] to holographic models for spin-1
states [24–27], including its low-energy impact on chi-
ral couplings [28].
Here I will be assuming that, unlike in QCD, the
pseudovector resonance is the lowest-lying state of the
composite spectrum. It will be described by a Kalb-
Ramond field Bµν , transforming as a triplet under the
unbroken custodial group:
Bµν → ξV Bµνξ†V (15)
where ξV ∈ SU(2)V .
The Goldstone bosons coming from spontaneous
SU(2)L × SU(2)R → SU(2)V breaking will be col-
lected in a nonlinear matrix U , which transforms as
4a bifundamental:
U → ξLUξ†R (16)
where ξL,R ∈ SU(2)L,R. A convenient parametrization
is
U = exp(2iΦ/v), Φ = φata =
1√
2
(
φ0√
2
φ+
φ− − φ0√
2
)
(17)
Since only SU(2)L × U(1)Y is gauged, its covariant
derivative is given by
DµU =
[
∂µ + igWµ − ig′BµτL
]
U (18)
where τL = Ut3U
†. In practice it will be useful to also
define Lµ = iUDµU
†.
In order to couple the pseudovector to the Stan-
dard Model fields in a gauge-invariant way, it is conve-
nient to introduce quantities that transform only under
SU(2)V . This can be done with the aid of the more
fundamental field u
u→ ξLuξ†V = ξV uξ†R, u2 = U (19)
The building blocks covariant under SU(2)V are then
u†ψL → ξV u†ψL
uψR → ξV uψR
uµ → ξV uµξ†V
fµν+ → ξV fµν+ ξ†V (20)
where uµ= −u†Lµu and fµν+ = u†gWµνu+ug′Bµνt3u†.
Further derivatives on the fields can be shown to be
redundant.
The covariant derivative on Bµν is defined as
∇λBµν = ∂λBµν + [Γλ,Bµν ] (21)
with
Γλ =
1
2
[
u(∂λ − ig′Bλt3)u† + u†(∂λ − igWλ)u
]
(22)
The model of electroweak interactions at energies
above mB will be written as
L = LK + LM + LB (23)
where
LK = −
∑
X
1
4
XaµνX
µν a + i
∑
j
ψ¯jγµD
µψj +
1
2
∂µh∂
µh
LM = v
2
4
tr[LµL
µ]ζ(h)−v(ψ¯iYij(h)UP±ψj+ h.c.)− V (h)
(24)
is the leading order electroweak Lagrangian in the nota-
tion of [8], where X is a generic gauge boson and h the
Higgs-like scalar. P± simply project out the first and
second element of the doublet ψR, respectively. Since
h is introduced as a singlet, V (h), ζ(h) and Yij(h) are
generic functions of h, whose particular coefficients are
model-dependent.
The pseudovector sector is chosen as
LB = tr
[
1
2
∇λBµν∇λBµν −∇µBµν∇ρBρν − m
2
B
2
BµνBµν
]
+ ht(ψ¯Lσ
µνuBµνuP+ψR)+ hb(ψ¯LσµνuBµνuP−ψR)+ h.c.
+ tr
[
f1Bµνfµν+ + if2Bµν [Lµ, Lν ]
]
(25)
which contains the most general interaction terms lin-
ear in B. Interactions with h can be incorporated by
appending arbitrary functions of h to those operators.
Here I will leave such functions implicit.
Based on naive dimensional counting, one expects
the interaction coefficients to gauge bosons to be fi ∼
O(v). Regarding the fermion couplings, chirality sug-
gests that hj are proportional to the Yukawa couplings.
Accordingly, the pseudovector couples mostly to the
third family of quarks. In the following, ψ will stand
for a (t, b) SU(2) doublet.
IV. INDIRECT SIGNALS
The presence of a pseudovector in the sub-TeV re-
gion leaves potential imprints on the low-energy theory
through contributions to anomalous couplings. The
size of these contributions will show up as O(v2/m2B)
NLO corrections and can be captured by an effective
field theory (EFT) analysis provided that mB is not
too light. To be more quantitative, since the NLO co-
efficients in the EFT are expected to be O(v2/Λ2), we
require mB > Λ5 ∼ 600 GeV in order not to upset the
naive power counting.
Indirect pseudovector effects can be seen by integrat-
ing it out from the model of the previous Section. The
resulting effective Lagrangian will match onto a sub-
set of the NLO terms of the EFT worked out in [8].
Writing the model as
L = tr
[
1
6
BµνλBµνλ − m
2
B
2
BµνBµν + BµνJµν
]
(26)
and integrating out the pseudovector at tree level one
ends up with the effective Lagrangian1
Leff = 1
m2B
J iµνJ
µν
i =
∑
j
[
c
(2)
j O(2)j + c(3)j O(3)j + c(4)j O(4)j
]
(27)
1 Strictly speaking, integration of B brings corrections to the
gauge kinetic terms of the form g2W aµνW
µνa and g′2BµνBµν .
Such terms can however be reabsorbed by appropriate redefi-
nition of the gauge fields and couplings, such that the kinetic
terms remain canonically normalized.
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FIG. 1: Different low-energy topologies affected by pseu-
dovector exchange. They correspond to anomalous Stan-
dard Model vertices, except the last topology, which is not
present in the Standard Model.
where
Jjµν ≡ tjJµν = f1 tr
(
tjf+µν
)
+ if2 tr
(
tj [Lµ, Lν]
)
+ ht(ψ¯Lσµνut
juP+ψR) + hb(ψ¯Lσµνut
juP−ψR) + h.c.
(28)
and use has to be made of the SU(2) relation
taijt
a
kl =
1
2
δilδjk − 1
4
δijδkl (29)
The effective operators O(i)j describe the anomalous
oblique, triple and quartic vertices depicted in Fig. 1.
They are listed, together with their corresponding coef-
ficients, in Table I. From it one would naively conclude
that two, three and four-point vertices get modified.
However, if one computes explicitly the correspond-
ing diagrams with pseudovector exchange, one realizes
that only for the four-point vertices there is actual res-
onance propagation. Pseudovector propagation in two
and three-point vertices is forbidden by P and C con-
servation, and the contribution reported in Table I cor-
responds to a contact term interaction.
Such contact interactions are licit and physically rel-
evant provided that they do not spoil the consistency
of the theory at high energies. Even though I have not
committed to a UV completion of the present model,
any strongly-coupled scenario implicitly requires dual-
ity, above the deconfinement scale, to a theory of more
fundamental constituents. The paradigmatic example
is QCD, where hadrons are made of quarks and gluons.
In order to link the confined and deconfined phases,
it will be convenient to adopt the language of dispersion
Operators O
(i)
j Coefficients c
(i)
j
O
(2)
1 = gg
′〈WµντL〉B
µν f21 /m
2
B
O
(3)
1 = g〈Wµν [L
µ, Lν ]〉 if1f2/m
2
B
O
(3)
2 = g
′Bµν〈τL[L
µ, Lν ]〉 if1f2/m
2
B
O
(3)
3 = gψ¯LσµνW
µνUP+ψR f1ht/m
2
B
O
(3)
4 = gψ¯LσµνW
µνUP−ψR f1hb/m
2
B
O
(3)
5 = g
′ψ¯LσµνB
µνUt3P+ψR f1ht/m
2
B
O
(3)
6 = g
′ψ¯LσµνB
µνUt3P−ψR f1hb/m
2
B
O
(4)
1 = 〈LµLν〉〈L
µLν〉 −f22 /m
2
B
O
(4)
2 = 〈LµL
µ〉〈LνL
ν〉 f22 /m
2
B
O
(4)
3 = (ψ¯LσµνUP+ψR)(ψ¯LσµνUP+ψR) h
2
t/(4m
2
B)
O
(4)
4 = (ψ¯LσµνUP−ψR)(ψ¯LσµνUP−ψR) h
2
b/(4m
2
B)
O
(4)
5 = (ψ¯LσµνUP−ψR)(ψ¯LσµνUP+ψR) hthb/(2m
2
B)
O
(4)
6 = (ψ¯LσµνUP−ψR)(ψ¯RP+σµνU
†ψL) −hbh
∗
t /(2m
2
B)
O
(4)
7 = (ψ¯LσµνUP−ψR)(ψ¯RP−σµνU
†ψL) −hbh
∗
b/(2m
2
B)
O
(4)
8 = (ψ¯LσµνUP+ψR)(ψ¯RP+σµνU
†ψL) −hth
∗
t /(2m
2
B)
O
(4)
9 = ψ¯Lσµν [L
µ, Lν ]UP+ψR if2ht/m
2
B
O
(4)
10 = ψ¯Lσµν [L
µ, Lν ]UP−ψR if2hb/m
2
B
TABLE I: Low-energy effective operators and coefficients
resulting from pseudovector integration. Complex conju-
gate operators are implicitly understood. As discussed in
the main text, internal dynamical consistency requires the
presence of additional counterterms. As a result, there is
only net contribution from the four-fermion operators.
relations. If the contact terms do not conform to the
expected high-energy behavior of the theory, then the
model has to be extended with the addition of local
operators such that the mismatch is avoided. A similar
strategy was adopted in QCD to assess the impact of
the b1(1235) meson in chiral dynamics [28].
Consider the two-point function ΠWB , defined as
ΠµνWB(q) = −
δ2
δW 3µδBν
L =
(
qµqν
q2
− gµν
)
ΠWB(q
2)
(30)
This correlator is an order parameter of custodial sym-
metry breaking. At high energies, where the global
group SU(2)L×SU(2)R is unbroken, one expects per-
turbative contributions in terms of the fundamental
constituents to cancel to all orders. Nonzero contri-
butions should come from nontrivial vacuum conden-
sates in the operator power expansion. The correlator
is therefore power-suppressed at high energies and ex-
pected to satisfy an unsubtracted dispersion relation
ΠWB(q
2) =
∫ ∞
0
dt
t− q2
1
π
ImΠWB(t) (31)
The contribution from the pseudovector to the ab-
sorptive part above is exactly zero, because it is not
a propagating mode. Actually, Π
(B)
WB(q
2) = −gg′ f21
m2
B
q2
thus effectively generating a subtraction, which would
6indicate breaking of custodial symmetry in the deep
UV and is therefore ruled out by general principles.
This means that the model introduced in Eq. (23)
needs the addition of counterterms such that Eq. (31)
holds true. To be more precise, consistency is re-
stored when the counterterms balance out the naive
pseudovector contribution. Therefore, the pseudovec-
tor model is consistent only when there is no net effect
on ΠWB . This in particular means that there is no
pseudovector contribution to the S parameter.
Three-point vertices can likewise be examined
through a dispersive approach. For QCD-inspired UV
completions, ImΠXX scales like a constant in the deep
UV. Under this assumption the three-point form fac-
tors of Fig. 1 must obey once-subtracted dispersion re-
lations of the form
FX→f¯f (q
2) = 1 + q2
∫ ∞
0
dt
t(t− q2)
1
π
ImFX→f¯f (t)
(32)
and likewise for X i → XjXk. The subtraction above
is fixed by electric charge normalization. Again, the
fact that the pseudovector does not contribute to the
absorptive part means that counterterms are needed
to avoid the appearance of an unphysical subtraction.
These counterterms precisely balance out the naive
pseudovector contribution.
Notice that the situation with the four-point func-
tions is rather different. There pseudovector exchange
has a nonzero absorptive part (C and P no longer pre-
vent resonance propagation) and its contribution re-
sembles the one of regular vector resonances. How-
ever, counterterms are also needed in this case. To
see this consider the longitudinal gauge boson scat-
tering W aLW
b
L → W cLW dL. By the equivalence theo-
rem, at high energies this corresponds to the scatter-
ing of Goldstones φaφb → φcφd, up to corrections of
O(mW /
√
s). Goldstone scattering is determined by a
single function A(x, y, z), where x, y, z are the Mandel-
stam variables. Since A is symmetric in the last two ar-
guments, only the first argument need to be kept above
and one can define A(x) ≡ A(x, y, z) = A(x, z, y). The
total amplitude reads
M(φaφb → φcφd)= δabδcdA(s) + δacδbdA(t) + δadδbcA(u)
(33)
In elastic channels with s ↔ u symmetry, the Frois-
sart bound [29] leads to the following forward (once-
subtracted) dispersion relation
A(ν, t = 0) = c+ ν2
∫ ∞
0
dη
η(η2 − ν2)
1
π
ImA(η, 0) (34)
where ν = 12 (s− u). If the new strong dynamics obeys
the Froissart bound at asymptotically high energies,
then at high ν2 the previous amplitudes should go like a
constant. Explicit evaluation of pseudovector exchange
shows that pseudovector exchange is non-propagating
in Goldstone scattering. This generates a quadratic
growth in (34), which again calls for the addition of
counterterms.
The non-propagating character of B in longitudinal
high-energy scattering also suggests that the four-point
vertices XaXb → f¯ f will likewise need counterterms.
Actually, explicit calculation shows that pseudovector
contributions to φaφb → f¯f only generate a contact
term.
A consistent pseudovector model thus requires to be
enlarged with the following counterterms:
LC = − f
2
1
m2B
O(2)1 − i
f1f2
m2B
(
O(3)1 +O(3)2
)
− f1ht
m2B
(
O(3)3 +O(3)5
)
− f1hb
m2B
(
O(3)4 +O(3)6
)
+ h.c.
+
f22
m2B
(
O(4)1 −O(4)2
)
− i f2ht
m2B
O(4)9 − i
f2hb
m2B
O(4)10 + h.c.
(35)
which precisely balance out the naive pseudovector
low-energy contributions. The net result is that, with
the exception of four-fermion topologies, low-energy
traces of the pseudovector are obliterated.
Since the conclusions above are based on generic
high-energy properties, they are independent of par-
ticular resonance models above the TeV scale. How-
ever, in order to understand the physical entity of the
local terms introduced above, consider enlarging the
model we have presented here to a model of large-Nc
by inserting a full tower of pseudovector excitations
all the way up to infinity. In this case, counterterms
would be absent and consistency with dispersion rela-
tions would instead be satisfied through the existence
of a set of sum rules, where the added contributions
of the states in the tower would be required to non-
trivially vanish. Unlike more conventional sum rules,
those would however not be spectral sum rules. The
counterterms introduced above can therefore be under-
stood as the integrated-out contribution of a full tower
of pseudovectors, with the exception of its lowest-lying
mode, which at the energies we are interested in is light
enough to be dynamical.
V. DIRECT DETECTION AT COLLIDERS
The results of the previous Section show how elusive
the light pseudovector can be for indirect detection.
Its low-energy traces reduce to anomalous four-fermion
interactions, which turn out to be mass-suppressed.
Therefore, only top quark four-point vertices are non-
negligible with c4t ∼ O(1/Λ2), yet extremely challeng-
ing to probe. Unlike most of the existing new-physics
candidates, a pseudovector can in practice only be de-
tected via direct searches.
In this Section I will discuss the most promising
modes for direct detection of pseudovectors in a rather
qualitative way. This Section is intended to provide
a broad-brush picture of the predominant channels for
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FIG. 2: Dominant modes for detection at colliders. See
main text for a detailed discussion.
discovery. A more detailed and quantitative study of
the specific phenomenology and prospects for detection
is postponed to a future publication.
Inspection of Eq. (25) shows that the neutral
pseudovector component decays predominantly into a
gauge boson pair and a top pair, B0 → W+W− and
B0 → t¯t. The charged component instead is domi-
nated by B± → W±Z and B± → t¯b. Of course, if
the charged component is heavy enough, the radiative
channels B± → B0W± will also be open. Explicit com-
putation gives
Γ
(W+W−)
B =
g4
48π
(
f22
mB
)
(1 + 2x2W )
√
1− 4x2W
x2W
(36)
where xW =
mW
mB
. Incidentally, if one compares (36)
with the same decay for a regular vector [30], one finds
that the pseudovector has a relative O(v2/m2B) sup-
pression. A pseudovector is therefore generically nar-
rower than a regular vector.
Assuming CP-conserving interactions, the decay into
a top pair is given by
Γ
(t¯t)
B =
h2t
24π
mB(1− 4x2t )3/2 (37)
where xt =
mt
mB
. Notice that since Γ
(WW )
B ∼ O(g2mB)
and Γ
(t¯t)
B ∼ O(h2tmB), both decay modes are of compa-
rable size:
Γ
(W+W−)
B
Γ
(f¯f)
B
∼ g
2
y2t
∼ O(1) (38)
Numerically, for the mass-range of interest, ΓB ∼
2%mB.
Regarding its detection at the LHC, the pseudovec-
tor is most favorably produced through gluon fusion
and subsequent decay into t¯t jets and W+W− (see up-
per panel in Fig. 2). The latter decay mode offers the
cleaner signal for detection, and direct searches should
not differ much from the ones already performed for the
Higgs decay h → W+W−, where both W decay lep-
tonically, and in searches for heavier scalar states [31].
However, due to the high pseudovector mass, it might
be more efficient to let one of the W decay into a quark
pair. The main background W+ jets can then be ef-
ficiently rejected by applying a cut on the neutrino
transverse momentum [32]. Unlike the Higgs, a spe-
cific feature of B is that B0 → ZZ is also loop-induced.
Therefore, there should be an excess of WW produc-
tion over ZZ.
Notice also that, contrary to the vector scenario
studied in [30], Drell-Yan production does not occur
in this case, since a (propagating) pseudovector cannot
couple to a single gauge boson. An interesting alterna-
tive is to consider the pseudovector in associated pro-
duction with a gauge boson, as depicted in the lower
panel of Fig. 2. The possible decay modes are Wt¯t,
Zt¯b, WWW and WZZ. Among them, the cleanest
ones are Zt¯b with leptonic decay of the Z, and WZZ
with one Z decaying hadronically2. The pseudovector
should then show up by scanning the invariant mass
distribution of the t¯b and WZ pairs, respectively.
At the ILC, detection through two-body decay is al-
most excluded, since it is suppressed by powers of the
electron mass. Therefore, the only clean signature at
the ILC is the associated production of B± with W∓.
The cleanest signatures areWt¯b, withW decaying into
leptons, andWWZ, with oneW decaying into quarks.
The pseudovector can be detected in the invariant mass
distribution of the t¯b and WZ pairs, respectively.
VI. CONCLUSIONS
The most pressing issue in particle physics is to pin
down, or at least shed some light on the dynamical
mechanism that triggers electroweak symmetry break-
ing. The existence of a light scalar with properties close
to the Standard Model Higgs does not resolve the issue
but poses additional requirements that this underlying
mechanism must fulfill, namely (i) it must provide a
mechanism to stabilize the light scalar mass; and (ii)
it should manifest itself around the TeV scale yet com-
plying with the strongly-constrained deviations from
the Standard Model paradigm.
Dynamical symmetry breaking is a long-standing
candidate for such a mechanism. In such scenarios a
light scalar can be easily accommodated as a pseudo-
Goldstone boson of an underlying broken global sym-
metry. However, light states (below the TeV scale) are
hard to reconcile with the constraints of electroweak
precision data. The smallness of Standard Model de-
2 As discussed in [30], the most efficient background rejection
for triple gauge production takes place when only two of them
decay leptonically, at least one of them being a Z.
8viations suggests that new physics states should leave
a rather subtle imprint.
In this paper I have examined the viability of sub-
TeV states when confronted with experimental con-
straints. In particular, I have considered a scenario
of new dynamics invariant under parity and SU(2)L×
SU(2)R, spontaneously broken down to the custodial
SU(2)V . The lowest-lying resonance in the spectrum
is a pseudovector, described as a Kalb-Ramond anti-
symmetric tensor field Bµν with couplings to the Stan-
dard Model fields. I have shown that such a state is
rather elusive in the low-energy theory, not because
of additional ad hoc suppressions of its couplings, but
by the requirement that the strong dynamics possess
a consistent asymptotically-free UV completion. Ap-
plying this criteria one can show that the pseudovector
evades the constraints coming from oblique parame-
ters, electric and magnetic dipole moments, as well as
triple and quartic gauge-boson vertices. Indirect traces
thereof would only affect third-family four-quark oper-
ators, which are presently poorly constrained.
Consequently, the existence of a Bµν could only be
tested by direct detection. At an hadronic collider like
the LHC, it is mostly produced through gluon-fusion
and subsequent decay into a W+W− pair or a top di-
jet. In contrast, at the ILC it could only be detected
in its associated production with gauge bosons. Its sig-
nal could be isolated in Wt¯b and WWZ by scanning
through the invariant mass distribution of the t¯b and
WZ pairs, respectively. A more detailed quantitative
analysis of the collider phenomenology would require a
dedicated paper and is left for future work.
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